This study focusses on the fractionation of proteins and lipids from insect biomass, more specifically from black soldier fly larvae. Insects are rich in proteins and lipids and offer potential as a protein source for food and feed. Fractionation processes often focus on extracting only one compound (lipid or protein), neglecting the impact of the extraction method on other compounds. The current study aimed at the development of a robust fractionation process for wet insect biomass, targeting enriched protein fractions with higher valuable techno-functional properties as well as enriched lipid fractions. The use of different organic acids was evaluated and compared with an inorganic acid (HCl). A beneficial effect of organic acids on the lipid extraction yield (shift from 35 to 45%) was observed, that did not negatively influence the protein extraction efficiency. One organic acid, in particular, lactic acid, increased the lipid purity from 75 to 85%. Protein fractions with a purity of 60% proteins were achieved and were shown to preserve partial solubility. Use of some organic acids at low pH (pH 2) resulted in (1) a higher lipid purity in the lipid-enriched fraction and (2) had similar results in protein fractionation as the inorganic acid. Reproducibility of the fractionation process was proven.
Introduction
Insect farming is attracting increasing attention due to the potential of insect biomass as an alternative source for nutritional proteins. It is well documented that the future generation is facing a shortage in protein sources worldwide [1] [2] [3] and in a search for new and alternative protein sources, insects have been identified as an innovative possibility [4] . Compared to other animals, insect breeding requires less land and water, produces fewer greenhouse gasses and insects have a low feed conversion ratio [FCR, the amount of feed needed (kg) to obtain one kg of weight increase in the animal] which is of interest for large-scale breeding [4] . For example, commercially bred yellow mealworms have an FCR of 2.2 on the standard diet and for black soldier fly larvae (BSFL) bred on chicken feed an FCR of 1.8 has been reported, whereas commercially bred poultry and cereal beef have an FCR of 2.3 and 8.8, respectively [5] . In addition, most insects are rich in proteins (13-77% depending on species and life stage) [4] . Larvae of the black soldier fly (protein content of 38-41% [6] in particular have been appointed to be one of the most likely successful insects for feed applications, together with the common housefly, silkworms and the yellow mealworm [4, 7] . However, insects contain besides proteins also significant amounts of lipids and chitin. Chitin is beneficial for feed applications in small amounts [8] , but negatively affects the digestibility and utilization of other macro-and micro-nutrients at higher concentration [9] [10] [11] . Ozimek et al. [9] , for example, found an increasing digestibility of honey bee-protein isolate compared to the digestibility of the whole bee (94% instead of 71%) and hypothesized that the removal of chitin is responsible for the improvement [9] . Hence, there is a possible benefit in separation of insect biomass to generate protein fractions with reduced chitin content. In addition, separate protein and lipid extracts will make it possible to reach a target protein/lipid content or ratio in feed diets. Studies have also indicated that human consumers are more likely to accept insectsbased food when extracts are used as an ingredient [2, 12] .
Based on a literature search, Nongonierma and FitzGerald [13] concluded that the current extraction procedures for insect proteins generally includes the following steps: (1) drying of the insect biomass, (2) homogenization, (3) defatting, (4) protein solubilization, (5) isoelectric precipitation of the proteins and (6) protein solubilization followed by a possible drying step [13] . In general, insects are freeze-dried [12, [14] [15] [16] and grinded into smaller particles for better solvent contact. Defatting (step 3) is commonly performed with organic solvents such as hexane or ethanol [13] , but successful supercritical CO 2 defatting has also been reported [17, 18] . In the fourth step, proteins are solubilized to separate soluble proteins from non-soluble matter (such as chitin). Generally, the pH of insects biomass is increased to perform an alkaline extraction in aqueous conditions [13] . During the fifth step, soluble proteins are precipitated by lowering the pH to the isoelectric point, which is generally around pH 5. In this way, the purity of the resulting protein fraction can be increased. The last step includes resolubilization by bringing the pH to neutral and drying [13] . However, literature indicates that not all steps are always included in extraction procedures and details of individual steps can vary considerably. For example, Yi et al. [19] did not perform the predrying step but used frozen insect and water to homogenize, added a filtration step to remove the chitin, while defatting was performed by centrifugation at 4 °C. Some studies only perform step 1-4 [16] or add an additional step such as filtration or acidifying the non-soluble fraction after alkaline pH [20] . More traditional methods to extract lipids, for example hydraulic pressing, solvent extraction and heat extraction, focus only on step 1-3 without a regard for the preservation of techno-functional proteins [21] . Heat extraction, also called rendering, can be performed on wet material; whereas solvent extraction and hydraulic pressing are best performed on dry material. Rendering, although very successful in extracting lipids, can cause protein denaturation, since high temperature and pressurized conditions are involved [22] .
The first three steps of the procedure compiled by Nongonierma and FitzGerald [13] can be disadvantageous when applications in food and feed industries and upscaling are intended. Drying is often an energy-consuming step and difficult to scale up when no high temperatures are allowed [21] . In addition, solvent fat extraction requires pre-dried insect biomass and is often not eco-friendly or food-friendly [13, 23] . Despite the high yield of soluble proteins, alkaline conditions can impact the protein quality. For instance, antinutritional compounds can be formed such as lysinoalanine that negatively impacts protein digestibility and amino acid availability in food [24] . To make the fractionation procedure more applicable for feed/food industries on large scale, this study focusses on avoiding a drying step and possible losses in nutritional value. Since organic acids are allowed in the feed and food industry, the paper investigates the performance of fractionation at low pH with the use of organic acids where lipids are removed without the use of solvents. Earlier, Liang and Hultin [25] studied the impact of citric, lactic and malic acid on the separation of phospholipids lipids from solubilized proteins in fish muscle [25] . A positive impact of the organic acids was reported. Malic acid gave the best results for lipid removal, followed by citric acid and lactic acid. For protein extraction, citric-and malic acid resulted in the same yield, but a lower yield was noted with lactic acid [25] . The focus of that paper was on separating phospholipids from membrane proteins; while in the current study, all lipid classes are present and expected to separate. In addition, HCl is traditionally used for solubilization of proteins in the acid region; while this paper investigates the potential of organic acids. The current study aimed to develop a method to separate proteins from lipids in an aqueous environment while preserving the techno-functionalities of the proteins. For all obtained fractions, the distribution of lipids and proteins was evaluated to investigate not only the purity but also the maximum yield. The preservation of the techno-functionalities was evaluated based on the solubility of the proteins. To the best of our knowledge, such study has not been published before.
Materials and methods

Materials
Living black soldier fly larvae (BSFL), bred on broiler feed, were kindly provided by Millibeter (Belgium). BSFL juice was obtained after a mechanical separation (based on WO 2019081067), where the exoskeletons were removed. The insect juice was frozen immediately and stored at − 20 °C in vacuum bags till use. The bags were defrosted in room temperature water for 10 min before use. Lactic acid (Alfa Aesar 85.0-90.0%), acetic acid (Merck Millipore, 30%), citric acid (Merck, citric acid monohydrate), succinic acid (Amresco), valeric acid (Aldrich, > 99%), oxalic acid (JT Baker, oxalic acid dihydrate) and HCl (Merck, 37%) were tested. During Soxhlet, diethyl ether (Merck) was used as extraction media.
Fractionation procedure
The extraction media that were evaluated as triplicates are summarized in Table 1 . Defrosted insect juice was mixed with the solvent at a liquid (w):solid (w) ratio of 17.6 ± 0.5 (200 ml assay). A concentration of 0.5-M organic acid was used, except for valeric acid which was used at 0.33 M (because of the saturation point). For some test conditions, the pH was kept at pH 2 by measuring the pH every 10 min and adjusting it with 2.5-M HCl. These conditions are indicated by '+ HCl' in Table 1 . The mixture was stirred for 30 min in total at 100 rpm on a shaking plate (Gerhardt laboshake) at room temperature. After swing out centrifugation (Eppendorf 5810-A-4-81 rotor) at room temperature (3220 g, 30 min), three layers were obtained (Fig. 1 ). The upper layer was scooped off with a spatula. The supernatant (SN1) was decanted and the pellet (pellet 1) was collected and resuspended at pH 7. The SN1 fraction was adjusted to pH 5 with NaOH (40 v% or 50 w%) and was subsequently centrifuged at room temperature (3220 g, 15 min) to obtain two fractions, being a supernatant (SN2) and a pellet (pellet 2). Both fractions were resuspended at pH 7. Selected tests were repeated at a fixed temperature of 25 °C using angled head centrifugation (Thermo Scientific, Sorvall lynx 6000-F14-14 × 50 cy rotor).
The distribution of the obtained fractions (as dry weight, DW) was evaluated by calculating non-dialyzed yield (NDY) for the different fraction using the following formula (1):
During the screening test, the upper layer (rich in oil) and pellet 2 (rich in proteins) received most attention. For a selection of well-performing conditions, a more detailed mass balance was established after dialyzing all 
Lipid or protein distribution % = amount of lipid or protein in fraction (g) amount of lipid or protein in juice (g) × 100 5% A (4.1-7 min) at 0.4 ml/min at 40 °C). Peak detection and quantification were done using a triple quadrupole MS operated in multiple reaction monitoring mode. Crude protein content of the fractions was calculated based on nitrogen measurements (Dumas method, Elementar, vario EL cube) using the standard 6.25 correction factor and expressed on dry weight. pH solubility curves were measured at pH values ranging between pH 2 and pH 10. Dispersions in demineralized water were stirred at different pH for 30 min; then the pH was checked and adjusted if needed with 0.1 M NaOH or 0.1 M HCl, followed by another 30 min of stirring. Afterwards, samples were centrifuged at 4 °C for 20 min at 5910g. The total nitrogen was determined by a chemiluminescence detector (Multi N/C 3100 Analytik Jena). The sample was oxidized by catalytic combustion in an oxygen atmosphere at 800 °C, to produce nitrogen oxides as is described by EN 12260:2003 [water quality-determination of nitrogen-determination of bound nitrogen (TNb), following oxidation to nitrogen oxides]. The formed measuring gas was dried and entered the reaction chamber of the chemiluminescence detector. There, the nitrogen monoxide present in the measuring gas was oxidized with ozone into activated nitrogen dioxide. By emitting light photons (luminescence), the molecules of the nitrogen dioxide returned to their original state. The luminescence was detected using a photomultiplier and is proportional to the nitrogen monoxide concentration. Sample vials were filled with about 25-ml sample and placed into the sample carrousel. About 1000 µl of sample was injected in the system. The catalytic combustion of the sample in an oxygen atmosphere (160 mbar) was carried out at 800 °C. A linear calibration curve between 1 and 10 mg/l of nitrogen was set up using a mixture of ammonium sulfate (Merck) and potassium nitrate (Merck) at five concentration levels (1-2.5-5-7.5 and 10 mg N/l). Solubility was expressed as percent of protein in the supernatant relative to the protein content of the sample. The total protein solubility at a specific pH (of all proteins in the juice) after fractionation was determined by adding the solubilities of the different fractions according to formula (5) . The fraction solubility for a certain pH was calculated based on formula (6), where 'F' stands for the fraction (pellet 1, pellet 2, SN2). 
Fraction solubility (g soluble protein)
= 100g juice × yield of F g fraction 100 g juice × crude protein content of F g protein 100 g fraction % × solubility g protein soluble 100 g protein .
Results and discussion
Characterization of the BSFL juice
The BSFL juice used for this study had a dry weight of 26%. The crude protein and lipid content based on dry weight was 38% and 35%, respectively, as indicated in Table 2 along with other composition data. Chitin content of the juice was 0.52% which is much lower compared to BSFL that have a chitin content between 4.4% and 9.1% [26, 27] . The solubility curve of the proteins in the insect juice was U-form shaped (see Fig. 4 ), indicating that BSFL proteins have a high solubility at low and high pH (90% soluble at pH 2 and 80% at pH 9) and an isoelectric point around pH 5. Earlier, Bußler et al. [20] reported a solubility curve for BSFL with a different pattern. The protein solubility of the larvae meal was only 40% at pH 2 and pH 9 and a minimum was reached at pH 4. However, the exoskeleton (containing chitin) was included in this experiment [20] . Chitin is a non-soluble polymer containing nitrogen that may lead to underestimation of the protein solubility if not taken into account when converting nitrogen measurements into protein content. To the best of our knowledge, no solubility curves for BSFL juice (without the exoskeletons) have been described before in literature. The findings of Zielińska et al. [14] on solubility for the mealworm proteins (extracted by alkaline isoelectric point precipitation) Tenebrio molitor, the cricket Gryllodes sigillatus and grasshopper Schistocerca gregaria were more similar to the results obtained in the current study. The isoelectric point for these insects proteins (without exoskeleton) was situated around pH 5 and a solubility up to 90% was reached at pH 2 and 8 [14] .
Distribution of lipids and proteins among the fractions obtained
Even though protein extractions at alkaline pH result in a high amount of soluble proteins, protein digestibility and nutritional value can decrease [28] . Hence, protein fractionation at acid pH may be a better approach. Based on the solubility curve, it can be suggested that at pH 2, proteins can be separated from other non-soluble particles with only 10% of protein loss. To separate the proteins from other soluble molecules in a subsequent step, the pH can be adjusted to 5 to precipitate about 60% of the proteins. This fractionation approach was verified using different organic acids. Since the pH of the mixtures after adding the organic acids raised and was different over all treatment (see Table 1 ), HCl was used to insure all treatments had the same pH.
Nine test conditions were set up to evaluate the performance of six different organic acids, being lactic acid, acetic acid, citric acid, succinic acid, valeric acid, and oxalic acid. The aim was to fractionate the juice into a lipidenriched fraction and a protein-enriched fraction. The distribution of the lipids and proteins among the four fractions is visualized in Fig. 2 . The lipids were predominantly present in the upper layer except for condition 1, 8 and 9 ( Fig. 2a ). For all other conditions, on average, 64% of all lipids were concentrated in this fraction with 75% for condition 6 (citric acid) and 73% for condition 4 (lactic acid). Figure 2b illustrates that the proteins were distributed over all fractions but were concentrated predominantly in pellet 2 (up to 48%, in particular for condition 2, 5 and 6) and SN2 (up to 48%). The impact of acid versus neutral pH during extraction could be evaluated by comparing the results obtained under condition 1 and 2. When working in an acidic environment, an upper layer was formed separating lipids that were first located in pellet, and more proteins could be collected in pellet 2 (13% versus 45%). This result was expected based on the solubility curve of the juice (Fig. 4 ). Comparison between conditions 3 and 4 also indicated that lactic acid at pH 2 was more beneficial than at pH 3.3. At pH 2 (condition 4), more lipids were collected in the upper layer and the protein distribution altered towards proteins in pellet 2 and less in the upper layer. The influence of organic acids was studied by comparing them to an inorganic acid (HCl) at the same pH (condition 2). When only inorganic acid was used (condition 2), the distribution of lipids was less in the upper layer compared to four out of six organic acids, indicating an added value of these specific acids in collecting lipids in the upper layer. The difference was less pronounced in the protein distribution. In conclusion, the results of the screening test indicate that conditions 2, 4, 5, 6 and 7 may be of interest for fragmentation of insect juice. When pure lipid fractions are desired, condition 4 (lactic acid) would be superior to condition 6 or 7 because of a lower protein distribution in the upper layer. Condition 5 (acetic acid) 
Yield and purity
In the previous section, the impact of organic acids on the distribution of lipids and proteins among the four generated fractions was evaluated. When envisioning the use of the fractions towards certain applications, also the size of the fraction (yield) and the concentration of lipids and/ or proteins in the fraction (purity) are important criteria to evaluate the added value of organic acid assisted extractions. The compilation of accurate mass balances, however, was proven to be challenging due to the acids and alkaline that were added during the extraction. These chemicals were distributed over all fractions and were partially lost via evaporation during drying of the fractions. Further, as proteins and lipids only represented 74% of DW juice, mass balances prepared based exclusively on these compounds are not accurate. Two types of mass balances were calculated to make best estimates for the yield of the different fractions. Firstly, NDYs (non-dialyzed yields) were calculated based on the dry weight amounts of the fractions after drying relative to the dry weight of juice used, which provides a realistic view of the obtained fractions. Next, for a selection of six most promising conditions (condition 2, 3, 4, 5, 6 and 7), yields based on the weight of dialyzed fractions were calculated relative to the weight of the dialyzed juice (named dialyzed yield) to verify the fate of the juice among the four fractions (see Table 3 ). Dialysis of the juice fraction resulted in a 79.0 ± 3.3% recovery. Conditions 1, 8 and 9 were excluded because of the poor lipid distribution. The added yields of the four fractions ranged between 107 and 270%, and between 70 and 98% for non-dialysed and dialyses fractions, respectively. The total recovery based on dialyzed yield suggested some losses during the extraction procedure. Gas development, possibly caused by for instance enzymatic or microbial activity, was noticed during the extraction procedure. This may have contributed to the losses of mass. For the upper layer, which was observed for all test conditions except for condition 1, the non-dialyzed yield varied between 12 and 39% DW of the initial juice and the dialyzed yield was slightly higher than onethird of the juice. The lipid content of the upper layer was between 66 and 85%. The highest percentage was obtained using lactic acid at pH 2 (condition 4), followed by acetic acid (condition 5), and lactic acid with no additional HCl (condition 3). In addition, condition 4 realized an upper layer with a very small protein impurity (8%). The highest yield for the lipid-rich upper layer was obtained with succinic acid (46%, condition 7) followed by citric acid (41%, condition 6). Yet, these were not the most pure fractions based on lipid content and thus not seen as an improvement of the fractionation procedure. Condition 4, on the other hand, contained a significantly higher % of lipids (73% distribution) in the upper layer compared to condition 7 (63% distribution) with a slightly lower dialyzed yield (37% versus 46%). With respect to protein purity, an enrichment of the protein content was obtained for all conditions in pellet 2. Conditions 9, 5, 1 and 2 resulted in a protein content higher than 50%. Despite its higher protein content in pellet 2 for condition 1, water alone as extraction media is not advisable since the non-dialyzed yield was only 8%. Protein fractions with low lipid content (< 5%) were observed for conditions 2 and 5. The dialyzed yield of the protein-rich pellet 2 was on average 25% and was maximized with conditions 2, 6 and 7 to 27%. Comparing non-dialyzed and dialyzed yields for conditions 6 and 7 revealed that significant amounts of compounds smaller than 1 kDa were present. This makes these fractions, despite their high non-dialyzed yield (48% and 39%, respectively) less interesting than condition 2 for the fractionation procedure. For both pellets 1 and 2, the sum of lipid and protein content was on average ± 55%, indicating that other compounds were concentrated in these fractions.
Fraction pellet 1 contained lower amounts of lipid and protein compared to the juice. These concentrations were even lower in fraction SN2, especially for lipids. The nondialyzed yields of SN2 were significantly higher compared to the dialyzed yield. This indicates that SN2 consisted mostly of compounds smaller than 1 kDa and that only maximum 9% of the dialyzed juice was distributed in this fraction. In addition, this effect is also notable, but less pronounced with pellet 1 (e.g., conditon 5, the yield decreased from 23.5 to 14.2%) and pellet 2 (the yield decreased from 32.7 to 23.2% for condition 5). These results indicate that a filtration step of these fractions will further purify the sample and thus also increase the protein/lipid content. Filtration would result in the removal of organic and inorganic salt which can have a positive effect on feed applications. However, also other compounds such as small peptides, amino acids on other micro-nutrients would be lost.
Comparison between conditions 3 and 4 confirms the conclusions made based on the lipid and protein distribution. A more acidic pH resulted in a higher dialyzed yield of pellet 2 (24% versus 18%) with a lower lipid content (8% versus 12%), whereas the protein content was similar. In addition, the results for these conditions also indicate that a low pH favored lipid fractionation since the lipid content was higher in the upper layer at pH 2 (85% versus 78%). Literature on the BSFL reports the presence of a large amount of free fatty acids, depending on the killing method [29, 30] . Ushakova et al. [29] reported 87% of lipids to be free fatty acids when the larvae were killed by freezing. Caligiani et al. [30] found a free fatty acid content of 78% in larvae that were frozen. However, they stated that the storage length influenced the free fatty acids content (35% immediately after freezing, 90% after 2 months in frozen storage). Larvae that were first killed by blanching only showed traces of free fatty acids. The larvae in the current study were not frozen but mechanically killed. During this treatment, it cannot be excluded that lipases were activated and free fatty acids were formed, but based on TLC analyses, they were not found to be dominant (data not shown). A possible explanation for a better separation in a more acidic environment is that these free fatty acids may become protonated and thus become less soluble in water. In addition, the acid environment will change the structure of proteins and perhaps decrease emulsifying properties making separation more easily. Focusing on the added value of organic acids assisted extraction of lipids, the dialyzed yields demonstrate that all organic acids (at pH 2) except for acetic acid (condition 5) increased the upper layer yield compared to HCl (condition 2). The inorganic acid (HCl) treatment at pH 2 resulted in a lipid content of 75%. For most organic acids, a similar or slightly lower lipid content was obtained, except for lactic acid (condition 4). Here, an increased lipid content (85%) and as such an increased purity (lower protein content) was observed.
A similar observation was stated by Liang and Hultin [32] where organic acid had a beneficial effect on separating phospholipids from soluble fish proteins. A better phospholipid removal was noticeable compared to a water treatment (both adjusted to the same pH with HCl). Malic acid gave the best results for phospholipid removal, followed by citric acid and lactic acid. In search for an explanation of the added value of the organic acids, Liang and Hulting hypothesized that the carboxylic groups of the acid were involved in the separation. Phospholipids may interact under the applied conditions (pH3) with proteins via the basic amino acid residues and the polyanionic groups of the phospholipids. The presence of the carboxylic group of the organic acids may compete with the polyanionic groups of phospholipids [31] . However, in the present study, multiple lipid classes were present. Tzompa-Sosa et al. [31] showed by TLC analysis that insect lipids consist mainly of triglycerides [31] . These insects were killed rapidly (30 min at − 20 °C followed by nitrogen immersion). The same results were obtained after blanching (98% triglycerides) [30] . TLC analysis in the current study (data not shown) also indicated a major presence of triglycerides (no polyanionic group), thus implying that the interaction between proteins and lipids in this study is different. Although the specific context is different, both studies observe an added value of organic acids for separating the lipids present in biomass. Since the current study indicates lactic acid to be better than citric acid in removing the lipids, it could be stated that lactic acid has a higher preference toward neutral lipids. In addition, under the applied conditions (pH 2), it is more likely that the acids were protonated (pKa of lactic acid is 3.08) and thus not negatively charged. The acidic pH may have stimulated the release of lipids from remaining tissue (located in pellet 1 when fractionating at neutral pH) by, for example, changing the structure of bounded proteins. Nevertheless, pH cannot be the only explanation, as lactic acid was proven to be beneficial compared to the use of inorganic acids or other organic acids. This indicates that lactic acid has another beneficial effect in separating neutral lipids from other insect biomass components. For the protein-enriched fraction (pellet 2), the use of organic acid did not increase the protein or lipid content in the fractions compared to water (condition 1) or HCl (condition 2). In comparison with condition 2, there was no added value of the organic acids. The purity of the pellet 2 factions was maximal about 60% proteins, which is comparable to other protein extractions of the BSFL. For example, Bußler et al. [20] performed a hexane defatting resulting in a protein meal (still containing chitin) with a protein content of 44.9% and a crude fat content of 8.8%. Osborne's fractionation after solvent lipid extraction created multiple fractions with a protein content range from 3 to 13% [27] . Low-pressure defatting without the use of solvents resulted in a protein fraction containing 55% proteins and 18% fat and high-pressure defatting resulted in a fraction with 67% crude proteins and 5% crude fat [33] . For other insects such as the mealworm, for example, an aqueous extraction at pH 10 after a hexane extraction also delivered a protein fraction with 68% protein and 0.4% fat. Enzymatic extraction of proteins on crickets (Gryllodes sigillatus) did also not succeeded in obtaining a fraction higher than 70% of protein and 8% of fat [34] . Aqueous extraction of crickets (Acheta domesticus) resulted in multiple fractions comprising a fraction with 67% crude proteins and 14% crude fat [16] .
Reproducibility
Extractions with HCl (condition 2), lactic acid (condition 4) and acetic acid (condition 5) were repeated in triplicate under slightly different conditions to evaluate the reproducibility. For condition 4, the first repetition was performed with freshly prepared juice; while for the second repetition, defrosted juice was used. Similar results were obtained ( Fig. 3) indicating that the freezing and defrosting process does not affect the fractionation procedure. Conditions 1 and 5 were performed with a different type of centrifuge and showed the same fractionation profile for all fractions except for condition 5, fraction SN2. However, this difference can be explained by the differences in additions acid/base for pH changes and the volatility of acetic acid. Overall, all three conditions show good reproducibility of the process. In addition, the protocol was also successfully executed for another insect, viz., the lesser mealworm (data not shown).
Solubility curve assessment
Since most functional properties of proteins require the protein to be soluble [35, 36] , the solubility was used as a criteria to evaluate potential use of the fractionated proteins as functional proteins. The total protein solubility of pellet 1, pellet 2 and SN2 are given in Fig. 4 . The proteins in the upper layer were not investigated for functional properties and were, therefore, not included in the calculations. These proteins were extracted in a highly hydrophobic environment (caused by the lipids) and were assumed to be insoluble in water or trapped in micelles in the lipid-rich fraction. Based on Fig. 4 , it can be concluded that the acidic water treatment and acetic acid treatment resulted in soluble proteins, although partial loss in solubility was observed. At pH 2 and 9, ± 35% of proteins were probably denatured or lost in the upper layer resulting in a lower solubility. At pH 5, no losses were measured for the inorganic acid treatment, and at pH 6.5-7 a loss of approximately 13-15% was recorded. No similar protein extractions of the BSFL were found in literature; however, data on extracted protein from the yellow mealworm were found. Protein extraction at pH 10 after a defatting with ethanol resulted in 40% solubility at pH 7 [12] , similar to the results discussed here (Fig. 4) . Bußler et al. [20] obtained a higher solubility, up to 60% at pH 7, after alkaline extraction at 60 °C and hexane defatting. The solubility of the separate fractions indicated that SN2 was most soluble (around 80% for pH 2-5 and 7). The protein-enriched fraction (P2) had a high solubility at pH 2 (60%) but extremely low at pH 5 and 7 (around 10%). Yet, solubility experiment of SN1 indicated a solubility of 53% at pH7. This leads to the hypothesis that the acid environment did cause structural changes of the proteins but did not cause denaturation. Only when the pH was adjusted to pH 5, the protein was denatured to a point Fig. 3 Reproducibility: NDY distribution after fractionation for three conditions performed in duplicate with slightly different conditions (mean ± SD, n = 3). NDY distribution over the obtained fraction after mixture was stirred at 100 rpm for 30 min in a 17.6 liquid: solid (w:w) ratio (200 ml essay), condition 1: water, condition 4: lactic acid + HCl, condition 5: acetic acid + HCl, centrifuge type 1: swing out centrifuge at room temperature, centrifuge type 2: angle head centrifuge at 25 °C Fig. 4 Protein solubility as function of pH of defrosted juice, and the summarized solubility after fractionation of pellet 1, pellet 2 and SN2 from the BSFL in water. Summarized solubility of the obtained fraction after mixture was stirred at 100 rpm for 30 min in a 17.6 liquid: solid (w:w) ratio (200 ml essay), condition 2: water + HCl, condition 5: acetic acid + HCl where at neutral pH, no renaturation could occur. Further investigation of other techno-functional properties beside the solubility is needed to evaluate the effect of the treatment more in detail.
Conclusion
The aim of this paper was to evaluate an alternative approach for fractionation of wet biomass. Organic acids were evaluated in this study to solubilize proteins. A special focus was given to additional benefits in the separation of lipids from proteins. Lipid-and protein-enriched fractions were achieved. All acids (organic and inorganic) enabled to obtain a lipid-rich fraction; however, the use of lactic acid combined with HCl proved to be the best condition to obtain a lipid fraction with a purity of 80% lipid. Multiple acids were capable to enrich the protein level in 1 fraction; however, when taking into account the yield and purity, acetic acid combined with HCl or HCl by itself gave best results. The purity of the enriched protein fraction reached ± 60%. The data also implied that pH has a significant effect on lipid separation; whereas protein separation was less affected. The process proved to be robust and proteins were still partially soluble. The total proteins solubility after fractionation was in the same order of magnitude compared to other protein extraction procedures.
